Beyond demonstrating feasibility, limiting attention to just one target region in stage 3 of Fig 1 is an essential first step within our long-term strategy for discovering explanatory mechanisms. Doing so adheres to the important guideline in step 3 of the Iterative Refinement Protocol: take small steps.
It is also helpful to also have a description for the term "mechanistic" as used in the phrase "mechanistic model." Kaplan and Craver state that, "the line that demarcates [mechanistic] explanations from merely empirically adequate models seems to correspond to whether the model describes the relevant causal structures that produce, underlie, or maintain the explanandum phenomenon. This demarcation line is especially significant as it also corresponds to whether the model in question reveals (however dimly) knobs and levers that potentially afford control over whether and precisely how the phenomenon manifests" [8] .
The increasing variety and sophistication of published mechanism-oriented and mechanismbased explanatory models reflect that biological mechanisms exhibit features that are not covered by the above definitions. Darden discusses how features of mechanisms often become necessary parts of adequate descriptions and representations of a mechanism [9] . She identifies five features of biological mechanism, listed in S1 Table, that often characterize mechanisms that adequately explain biological phenomena. The phenomenon to be explained is the essential first feature because the search for a mechanism-based model of explanation requires that the phenomenon be clearly identified. Also, in biology, it is often the case that phenomena at a finer biological scale constitute the explanatory mechanism of the phenomenon of interest observed at coarser biological scale. Stated differently, the underlying finer details are often the entities and activities responsible for observable coarser behavior.
As alluded to in the Introduction, Darden describes a biological mechanism as a concrete and real system of entities and activities orchestrated so that it produces the phenomenon of interest. Darden argues that a biologically explanatory model mechanism will exhibit the features listed in S1 Table. Callus Analog Mechanisms exhibit those same features and examples, and are listed in S1 Table. S1 Table | Five features of a biological mechanism (adapted from [9] ): a biological mechanism exhibits all five. A computational mechanism-based model, such as Callus Analog, may strive to do the same. [10] Callus Analog Examples Mechanism discovery via forward/backward chaining -Darden explains that mechanism "discovery proceeds in stages of construction, evaluation, and revision. Each of these stages is constrained by what is known or conjectured about what is being discovered. … Guidance in discovering mechanisms may be provided by the reasoning strategies of schema instantiation, modular subassembly, and forward/ backward chaining" [10] . Insight into fracture healing mechanisms is still too sparse to support explanatory schema. However, we used ideas from modular subassembly and forward/backward chaining reasoning strategies to frame our starting approach and guide target region selection. Modular subassembly "involves reasoning about groups of mechanism components. One hypothesizes that a mechanism consists of known modules or types of modules. One cobbles together different modules to construct a hypothesized mechanism … Forward chaining uses the early stages of a mechanism to reason about the types of entities and activities that are likely to be found downstream. Backward chaining reasons from the entities and activities in later stages in a mechanism to find entities and activities appearing earlier" [10] .
Mechanism Features Identified by Darden
Longer term, we will need to employ variations of the forward/backward chaining strategy, and planning for that requires selection of a new target region. Once we attain a simulated healing process that can achieve our stage 6 objective for the day-10i tissue section, we envision subsequent iterative refinement work that extends simulated healing forward to achieve a new stage 6 objective for a day-14i tissue sections, for example, and subsequently backward, to achieve an another new stage 6 objective for a day-4i tissue sections, for example, as illustrated in Fig 4. Because the immediate objective of the healing process is different at different locations along a common healing path, we can be reasonably confident that requiring iterative refinement and improvement of Callus Analog mechanisms will enable achieving those two new objectives while continuing to achieve the stage 6 objective for the day-10i tissue section. There are additional considerations. The histological evidence suggests that, on the same day, different subregions within a callus can be at different stages of repair and may be progressing at different rates. Given that, a parsimonious strategy is to select separated target regions within the same callus and develop simulations for each in sequence. They would be treated as independent modules. Future work utilizing separate simulations of independent target regions will help bring regional issues into focus prior to engineering their merger. The process of merging initially independent modules incrementally into a tissue healing whole would occur further downstream. Given that this work strives to establish the feasibility of the Fig 1 approach , it is more efficient to focus first on one target region.
